Polycrystalline indium tin oxide (ITO) film has a rough enzyme-sized surface structure, which efficiently enhances the direct electron transfer (DET) caused by the electrocatalytic activity of cytochrome c (cyt c). It is explained that the heme iron of cyt c was sufficiently close to the polycrystalline ITO electrode to achieve DET. Polycrystalline ITO is a suitable material for the enzyme-modified electrode of an electrochemical biosensor.
Introduction
An investigation of the interfacial bioelectrochemistry between enzymes and electrode surfaces is crucial for the development of biosensors utilizing the DET-type bioelectrocatalysis of enzymes. To develop a suitable biointerface on a sensor electrode for stabilizing enzymatic activities and structures, extensive use has been made of surface modification, for example with polymer films, lipids, and self-assembled monolayers, and with enzyme immobilization. 1, 2 In contrast, unmodified electrodes with a nano-sized surface structure have also been effective for realizing efficient direct electron transfer (DET). For example, a thornlike surface structure on a nanocarbon film 3 and a vertically aligned nanowire formed on a boron-doped diamond 4 both enhanced the DET caused by redox proteins [bilirubin oxidase, cytochrome c (cyt c)]. Thus, nanostructured biointerfaces play crucial roles in these bioelectrochemical processes on electrodes.
Indium tin oxide (ITO) is an n-type degenerate state semiconductor material with high electrical conductivity and high transparency, and it has been widely applied to display devices. The internal nanostructures of ITO films can be varied (polycrystalline or amorphous) by varying the sputtering conditions. 5 Many electrochemical studies have been performed with the aim of understanding the DET mechanism of various redox proteins including cyt c. [6] [7] [8] [9] [10] Moreover, the spectroelectrochemical observation of the redox reactions of adsorbed cyt c on an ITO electrode was successfully performed by taking advantage of its transparency. 11 Recently, a 3D-mesoporous nanocrystalline ITO was developed and the spectroelectrochemical measurement of the DET induced by the redox proteins was reported. 12 Detection of the DET caused by cyt c on a bare ITO film electrode was relatively successful, possibly because of its molecular size. However, the effect of surface nanostructure on the DET was not studied systematically using same electrode materials with different surfaces.
Here, we studied the effects of the ITO film surface structures on the bioelectrocatalysis of cyt c, using polycrystalline ITO and amorphous ITO film. The nanometer-sized (enzyme-sized) surface structures of the polycrystalline ITO film electrode meant that it had a greater effect on the DET of cyt c than a flat amorphous ITO film electrode.
Experiment
Polycrystalline ITO films were purchased from BAS Inc. (Tokyo, Japan). Amorphous ITO films were deposited on BK7 glass from an In 2 O 3 -5% SnO 2 ceramic target using RF sputter deposition equipment operated at room temperature. Glassy carbon electrodes were purchased from Tokai Carbon Co., Ltd. (Tokyo, Japan). The atomic force microscopy (AFM) images were obtained with an SPI4000 (SII, Chiba, Japan) in the dynamic force mode.
All the electrochemical measurements were performed with an ALS/CHI 730C electrochemical analyzer (CH Instruments, Inc., USA). We used a three-electrode configuration with Ag/AgCl and Pt wire as reference and auxiliary electrodes, respectively. The available electrode area was restricted by a mask made of dicing tape with a 2 mm diameter hole. A 100 µM (M = mol dm
¹3
) cyt c solution was applied to the electrodes for 30 min. The electrode surface was then quickly washed with the buffer and used for the measurements. All the measurements were performed at room temperature.
Results and Discussion
We used two types of ITO films: polycrystalline and amorphous. The polycrystalline ITO had lower resistivity than the amorphous ITO, but it was not sufficiently different to change the electrochemical responses. 13 From the results of the redox reactions of Fe(CN) 6 3¹/4¹ , the apparent electron transfer (ET) rate at the polycrystalline ITO film electrode was larger than that at the amorphous ITO (data not shown). Figures 1(a) and 1(b) show AFM images of the ITO film surfaces of the polycrystalline and amorphous films, respectively. The polycrystalline ITO had rougher surface structures. The surface profiles [ Fig. 1(c) ] also indicated that the polycrystalline ITO had a nanometer-sized surface structure. The rms roughness of the polycrystalline ITO was about 2.3 times larger than that of the amorphous ITO, indicating its larger surface area for ET (pc: 3.7 « 0.8 nm am: 1.6 « 0.3 nm).
Cyt c is a redox protein with a heme iron in its active center, and it has been extensively studied in terms of its redox reactions on ITO film electrodes. 6, [9] [10] [11] We performed a cyclic voltammetric (CV) measurement of the DET caused by cyt c physically adsorbed onto the bare polycrystalline ITO film electrode. The typical and apparently reversible redox peaks for cyt c heme iron (Fe 2+
The Electrochemical Society of Japan ) were clearly observed (data not shown). The peak potentials did not change according to the scanning rates. This result indicated that a quasi-reversible redox reaction had occurred at the electrode, and the ET rate was relatively fast. The peak currents were almost proportional to the scanning rates, which indicated that cyt c molecules physically adsorbed (not diffusible) on the ITO film surface. From the peak current, the molecular coverage of cyt c was calculated at about 1.3 © 10 12 cm
¹2
, which indicated that the cyt c molecules adsorbed onto the ITO film surface in a semi-confluent monolayer. Saavedra and his colleagues investigated the molecular states and orientations of a cyt c monolayer adsorbed on an ITO surface using the attenuated total reflectance and total internal reflectance fluorescence spectroscopies.
14 These studies showed that cyt c molecules adsorbed preferentially onto an ITO film surface in a monolayer state. The surface of the ITO film is hydrophilic and negatively charged in a neutral condition, which is good for the adsorption of cyt c. Cyt c has a pI of around 10 and is positively charged in a neutral condition.
Adsorbed cyt c on the electrode is known to have a H 2 O 2 reduction activity due to some structural change around the heme by a partial unfolding. 15, 16 The CVs in Fig. 2(a) show the H 2 O 2 reduction currents catalyzed by cyt c on the ITO film electrode in a fully deoxygenated condition. The unmodified ITO films also exhibited H 2 O 2 reduction activity. A large current increase was observed with the cyt c modified ITO electrode [ Fig. 2(a) , bold line: polycrystalline, dashed line: amorphous]. The reduction peak current for the polycrystalline ITO was larger than those for the amorphous ITO and for the glassy carbon electrode. The reduction currents increased in proportion to the H 2 O 2 concentrations [ Fig. 2(b) ]. From the difference in the peak potentials (E p (PC) = ¹0.48 V, E p (AM) = ¹0.57 V), the ratio of the ET rates (k PC /k AM ) was estimated to be about 30. These results clearly showed the superiority of the polycrystalline ITO as regards H 2 O 2 reduction by cyt c compared with the amorphous ITO.
Many reports have suggested the importance of the distance between the active center in the redox enzyme and the electrode as regards achieving an efficient DET. The shortest distance between the heme iron of cyt c and its molecular surface is calculated to be 0.8 nm and the longest distance is 3 nm. 4 And the cyt c surface, which is close to the heme iron, is known to be more positively charged. These structural features of cyt c strongly suggested that the cyt c molecules might adsorb onto the negatively charged ITO surface in a good orientation for DET. Moreover, the polycrystalline ITO film had nanometer-sized (enzyme-sized) surface structures and a larger surface area than the amorphous ITO film because of its rougher surface [ Figs. 1(a) and 1(c) ]. These results indicated that more cyt c molecules had adsorbed onto the polycrystalline ITO and that they also retained the shortest distance between their heme iron and the polycrystalline ITO electrode surface, which had enzymesized roughness. The interface between cyt c molecules and the polycrystalline ITO film electrode surface was more suitable for achieving the efficient DET caused by the cyt c electrocatalytic activity.
In a partially deoxygenated condition, the O 2 reduction caused by cyt c was clearly observed (Fig. 3, dashed line) . The reduction current was 300 nA at ¹0.52 V. With the addition of 100 µM ABTS, which is a widely used substrate for cyt c monooxygenase activity, the O 2 reduction current coupled with the ABTS oxidation exhibited a large (approximately 3-fold) increase (shown by the bold line in Fig. 3 , and also in the inset bar graph). These results indicated that cyt c molecules adsorbed on the polycrystalline ITO film electrode had retained their enzymatic activity. Many studies 1,2 related to the DET of redox enzymes have modified the electrodes in various ways using, for example, polymer films and self-assembled monolayers, to facilitate their DET and to retain their enzymatic activities and native structures. The bare polycrystalline ITO film exhibited good characteristics for a biocatalytic electrochemical sensor electrode without any further modifications. Further investigation is necessary to understand the relationship between the DET performance of cyt c and the surface properties of the ITO film electrodes. Therefore, we are now studying the cyt c-ITO interface in terms of the molecular density of adsorbed cyt c or the surface charge of the ITO film by using AFM 17 and F-potential measurements. 
Conclusion
The DET caused by the bioelectrocatalysis of cyt c was enhanced because of the enzyme-sized roughness of the polycrystalline ITO film. The polycrystalline ITO film provided a suitable biointerface that facilitated the electrochemical processes of redox proteins. 
